Introduction
Cultured Atlantic salmon (Sulmo s&r) that escape after one or more winters in sea cages and migrate into the Magaguadavic River, New Brunswick, often showed no external signs of sexual maturation by late autumn (Carr, 1995; J. W. Carr, Atlantic Salmon Federation, St Andrews, New Brunswick, Canada, pers. comm.) . The endocrine system of seasonally breeding fish closely integrates various factors from the internal and external environments in its overall control of the onset and course of reproduction.
We considered that an assay of gonadal steroids could therefore provide clues to the timing of reproduction for escaped cultured salmon entering fresh water. The sequential changes in androgens and estrogen in male and female cultured and wild Atlantic salmon were determined to evaluate and compare the seasonal changes in reproductive function in a Canadian river. We aimed to determine if indeed cultured salmon would fail to mature in the year of entry into fresh water or if they were simply maturing later in the same year than the wild fish.
Methods
Atlantic salmon migrating into fresh water were captured at a fishway trap (described by Martin, 1987) at the mouth of the Magaguadavic River in 1992-1996 (Carr, 1995; J. W. Carr, pers. comm.) . Their origin (i.e. wild or cultured) was determined by the condition of fins and from growth patterns on scales as described by Carr (1995) , and sea age was determined from scales. Fish were measured, external characters were used to establish sex when possible, and any evidence of maturation Table 1 . Number of Atlantic salmon of different origin (C, cultured; W, wild) sampled in the Magaguadavic River in 19941996 that showed signs of maturation and their sex based on assay of steroid levels. Of the escaped cultured fish, post-smolts that spent only one summer at sea (sea age 0) are identified in parentheses. The number of fish in each sea age group (0, 1, and 2 sea winters) and their mean fork length (FL) by age are given. 'The 62 fish captured on 26 October 1995 were held in tanks at the Altantic Salmon Federation, and most were sampled again on the other two dates.
*Of the wild fish, 4 males and 3 females captured on 25 September 1996 were held as above, and they were sampled again on 10 and 23 October and 12 November. Table 2 . Proportion of cultured Atlantic salmon entering the Magaguadavic River that showed signs of maturation based on external examination in 1992-1996 and based on assay of steroid levels in 19941996. In 1996, escaped cultured post-smolts (sea age 0)* are given separately.
Cultured salmon in the run'
Cultured salmon assayed for steroids was noted. Blood was sampled from some of these fish the Cuverian vein using l-3 cc heparinized syringes and captured or held over the spawning period in 19941996, needles. Samples were normally taken mid-morning. as summarized in Table 1 .
Plasma was obtained by spinning in a microcentrifuge Blood samples were withdrawn under metomidate for 6 min at 13 000 rpm; it was then stored at -80°C hydrochloride (Marinil@ 10 mg l_ ') anaesthesia from until assayed for steroids. (1994) (1995) (1996) and wild (1996 only) male and female Atlantic salmon in the Magaguadavic River over the spawning period.
Concentrations
of testosterone (T), 1 l-ketotestos-(Vancouver), and labelled steroids were from Amersham terone (1 l-KT), and 17P-estradiol (E2) were measured Canada Ltd (Oakville). Serial dilutions of plasma were by radioimmunoassay (RIA) following ether extraction conducted along with those of the appropriate steroid of the plasma. The protocols were based on McMaster standards. In cultured fish found to be maturing, 1 l-KT et al. (1992) . T and E2 antisera were from Immunocorp levels were used to determine their sex as described by (Montreal), 1 I-KT antiserum was from Helix Biotech Sangalang et al. (1978) . 
Results
On the basis of external characters, the proportion of cultured salmon entering the river that showed signs of maturation was usually <lo%, except in 1996 ( Table 2 ). The proportion of cultured fish shown by assay of steroid levels to be maturing was similarly low. Cultured male post-smolts that returned to the river before spending one winter at sea represented the highest proportion of mature fish based on both external examination and St-.
In all wild fish, plasma T in males and females, 1 l-KT in males, and E2 in females increased during September, levels peaked by mid-October, and then decreased rapidly in November (Figs 1-3, 1996) . However, most escaped cultured salmon (97, 77, and 83% of total large cultured fish sampled in 1994-1996, respectively) showed no such signs of maturing in the year of entry into fresh Figure 3 . Plasma 17-p estradiol (E2) concentrations (mean+s.e.) of escaped cultured (1994) (1995) (1996) and wild (1996 only) female Atlantic salmon in the Magaguadavic River over the spawning period.
water. Plasma T, 1 l-KT, and E2 in these fish remained maturation. Samples for females were taken two months at basal levels at all times (Figs l-3) . apart (i.e. in late August and late October), and the In escaped cultured males that showed signs of increase may have been missed (see Fig. 1 , dashed line). maturation in 1996 (11% of large fish), T and 1 l-KT also For escaped cultured fish that showed signs of maturaincreased and peaked at about the same time as in wild tion in other years (3% in 1994 and 23% in 1995) , steroid fish, but no increase in T was detected in the few profiles only showed some changes in T and 1 l-KT in cultured females (6%) that showed external signs of males on one or two occasions each year (Figs 1 and 2 ).
However, cultured females had near basal levels of E2 at carotenoid profiles of eggs recovered from redds (Carr, all times (Fig. 3) . 1995). In 1996, 24% of the cultured post-smolts that escaped and entered fresh water after only one summer at sea (Table 1) were found to be precociously maturing males. They always had relatively high levels of androgens in October-November (range of means: T=7.1-15.9 ng ml-', 1 l-KT= 5.1-27.1 ng ml -'), and levels were highest in mid-November.
Other cultured post-smolts had basal levels of these steroids at all times.
The overall low maturation rate in escaped cultured adult salmon indicated that the potential for impact on the wild stock would be less than previously assumed from the proportion of escaped fish in the salmon run (e.g. as high as 90% in 1994 and 1995, J. W. Carr, pers. comm.) if these fish leave the river and do not return. However, there is evidence from a tracking study that escaped cultured salmon overwinter in the system (Carr, 1995) ; they have been caught in one of the lakes the year after entering the river and could therefore eventually spawn. The potential impact of cultured male postsmolts that mature precociously should not be ignored if the number that escapes increases.
Discussion
The absence of seasonal change in steroids associated with reproduction for 85% of the escaped cultured salmon having spent at least one winter at sea and migrating into the Magaguadavic River confirmed the speculation previously made that they probably would not spawn with wild salmon (J. W. Carr, pers. comm.) . Gonadal steroid profiles also confirmed that these cultured salmon would not mature and spawn later in the year of entry into fresh water.
The few cultured salmon (15% of those one-sea-winter and older) showing signs of maturation usually had steroid profiles similar to those measured in wild salmon over the period of migration and spawning. Androgens in cultured males peaked several weeks later than in wild males, but at the same time as in wild females. In female salmonids, estrogen normally increases during vitellogenesis but falls during the later stages of ovarian development and returns to near resting levels just before spawning (Whitehead et al., 1978; Bromage et al., 1982) . In the wild females, this would coincide with the timing of reproduction observed in wild and escaped cultured males that were maturing, indicating that cultured males could interbreed with wild females in this river. Also, 24% of the cultured post-smolts entering the river after only one summer at sea were precociously mature males. High levels of androgens in these fish throughout the spawning period indicated that they could successfully interbreed with wild females. Too few maturing cultured females (13 fish in 3 years) were sampled to establish the time of reproduction, but successful spawning by escaped cultured female salmon was confirmed in the Magaguadavic River using
